summary 1. The intrarenal erythrocyte distribution, total renal blood flow and renal vascular resistance were studied before and during recirculation after 60min of warm ischaemia in three groups of rabbits. One group was pretreated with superoxide dismutase, another with catalase and the third group was not pretreated at all.
Introduction
The morphological and functional lesions appearing in the kidney after ischaemia have attracted interest in many studies [ 1-81. The changes have mainly been ascribed to the preceding ischaemia. Evidence has, however, been found that the ischaemic lesions partly developed after the ischaemia during recirculation [4, 5, 7] . Different explanations have been given for this phenomenon. The most frequently met is an impaired reflow of blood on recirculation, resulting in prolonged warm ischaemia [2, 8, 9] . Another theory suggests the formation during recirculation of a product toxic to cells and membranes but no such agent has so far been identified [8] .
In a recent experimental study,indirect evidence of the importance of free radicals, i.e. toxic partial reduction products of oxygen, in the development of renal damage after ischaemia was presented [lo] . It was shown that hypoxanthine, which had accumulated during ischaemia, was oxidized at a high rate to xanthine on recirculation, a reaction known to be associated with the formation of oxygen free radicals [ l l , 121. Pretreatment of the animals with the xanthine oxidase inhibitor allopurinol prevented erythrocyte accumulation in the medulla and produced a lower renal vasculq resistance and a higher renal blood flow after recirculation. These results suggested that free radicals generated during recirculation might be responsible for the additional lesions observed. There are two main groups of free radicals, oxygen free radicals and organic radicals. Superoxide anion radicals and hydroxyl radicals are both oxygen free radicals. It could not be determined, however, whether the damage was caused by superoxide anion radicals only or the parallel generation of hydroxyl radicals and organic radicals as well.
The aim of this investigation was t o study the effect of superoxide dismutase and catalase on the development of renal damage during recirculation after ischaemia. Superoxide dismutase and catalase are so called scavengers of oxygen free radicals, i.e. enzymes which convert superoxide radicals and hydrogen peroxide into water. If such a preventive effective on the ischaemic renal damage could be demonstrated, it would support the hypothesis that free radical formation is of importance in the development of the additional damage during recirculation after ischaemia.
Material and methods

Animals
Forty-two rabbits, each weighing 2-5 kg, were used in the study. They were deprived of food for 12 h before the operation but had free access to water. Anaesthesia was induced by intramuscular administration (0.3-0.5 ml/kg body weight) of a mixture containing fentanyl citrate, 0.3 15 mg/ml, and fluanisone, 10 mg/ml (Hypnorm Vet.; Leo, Sweden) and was maintained by repeated injections of 0.5 ml of the same mixture at intervals of approximately 30 min. Spontaneous respiration of room air was preserved throughout the operation. Arterial blood pressure and central venous pressure were continuously registered via a catheter in the central ear artery and vena cava respectively. Sodium chloride solution (1 54 mmol/l: saline) was given intravenously to compensate for blood loss and perspiration during operation. The kidneys were exposed under non-sterile conditions through a long midline incision. The retroperitoneal area around the renal vessels was infiltrated with 1-2 ml of 1% lignocaine hydrochloride (Xylocaine; Astra, Sweden) before the kidneys were dissected.
Erythrocyte distribution study
Blood (5 ml) was drawn from the rabbit about 2 h pre-operatively. Sodium [SICr]chromate (1 000 pCi; Amersham International Ltd, U.K.) was added and the suspension incubated during continuous mixing for 45 min at + 20°C. After centrifugation (3000g for 10 min), the supernatant was removed and the pellet washed three times in 5 ml of saline each time. The washed pellet was resuspended in 5 ml of saline and injected intravenously after induction of anaesthesia but before surgery. Both kidneys were carefully exposed, together with their artery, vein and ureter. The renal artery and ureter of the left kidney (experimental kidney) were clamped with artery forceps for 6 0 min and the right kidney served as a control kidney. A warm ischaemia time of 60min was chosen t o produce a marked acute renal damage, but not lethal when combined with contralateral nephrectomy. Eight of 24 rabbits were given superoxide dismutase (2750 units/mg of protein; Sigma, U.S.A.) (20 mg/kg body weight intravenously) 10 min before relase of the artery clamps; another eight rabbits were given 20 mg of catalase (Katalase, Boehringer Mannheim GmbH, W. Germany)/kg body weight intravenously at the same time before the release of the clamps; the other eight rabbits served as controls. The freeze-dried superoxide dismutase preparation was reconstituted before injection to a concentration of 10 mg/ml in sterile saline containing 20 mg of sucrose/ml as a stabilizer. After 30 min of recirculation, both kidneys were removed. The kidneys were microdissected into four zones (the cortex, the outer stripe, the inner stripe and the inner zone) according to a technique previously described [8] 
Renal blood flow study
The left kidney was prepared and exposed as described above. Care was taken to remove all surrounding tissue from the renal artery. The right kidney was not included in the experiment. The blood flow of the left kidney was measured by using an electromagnetic flow meter (Nycotron 372, Norway) after stabilization of blood flow and pressure. A probe (internal diameter 1 or 2mm) was carefully placed around the renal artery. The transducer was connected to an amplifier and a recorder (Grass 7 B, Polygraph, U.S.A.). The preischaemic blood flow was obtained as the mean of at least three recordings. The left renal artery and ureter were then clamped with artery forceps for 60 min. Ten minutes before declamping, six rabbits were given 20 mg of superoxide dismutaselkg body weight intravenously, six were given 20 mg of catalase/kg body weight intravenously at the same time before declamping and six rabbits served as controls and did not receive any pretreatment before declamping. Renal blood flow was recorded every minute during the first 5 min after the ischaemia and then at 5 min intervals for 30 min. The left kidney was then removed and weighed.
To study the effect of superoxide dismutase and catalase on blood flow in normal kidneys (not subjected to ischaemia), further experiments were performed. In two experiments renal blood flow was measured before and 30 min after intravenous injection of superoxide dismutase (20 mg/kg body weight) and in another two after intravenous injection of catalase (20 mg/kg body weight).
Renal vascular resistance was calculated as the ratio of the 'mean pressure head' [i.e. the difference between the mean arterial blood pressure (MAP) and central venous pressure (CVP)] and the blood flow was expressed per min per 100 g tissue wet weight (PRUlm).
Statistical methods
Conventional statistical methods were used to calculate the means and standard error of the means. The significance of differences between unpaired observations was tested with the Wilcoxon rank sum test.
Results
Eythrocyte distribution study
The intrarenal distribution of labelled erythrocytes was of approximately the same magnitude in the different zones and stripes of the non-ischaemic non-pretreated control kidney (Figs. 1 and 2 of labelled erythrocytes both in the outer and in the inner stripe of the non-pretreated experimental kidneys (P9 0.01 and P < 0.05 respectively), whereas the erythrocyte content in the other parts had not changed. Pretreatment with either superoxide dismutase (Fig. 1) or catalase (Fig. 2) prevented this trapping completely. The distribution of labelled erythrocytes in the non-ischaemic pretreated control kidneys was not influenced by the pretreatments.
Renal blood flow study
In the non-pretreated kidney, a transient increase in total renal blood flow (P 9 0.05) was observed within the first 5 min, after which it returned to pre-ischaemic values (Figs. 3 and 4) . After pretreatment with dismutase, blood flow increased significantly (P < 0.05) during the first 10 min of recirculation and remained at the same high level during the 30min recording (Fig. 3) . After pretreatment with catalase renal blood flow increased significantly (P < 0.05) during the first 3 min of recirculation, after which it slowly returned to approximately pre-ischaemic values within 30 min (Fig. 4 ) . No change in water content was observed after ischaemia or after pretreatment with dismutase or catalase, which justifies the expression of volume flow per gram wet weight.
The renal vascular resistance decreased initially during recirculation after ischaemia in both pretreated and non-pretreated kidneys (Figs. 5 and  6 ). In non-pretreated kidneys, it returned to preischaemic values within 10 min. After pretreatment with dismutase, the resistance remained low during the 30min recording (Fig. 5) , whereas it slowly increased to pre-ischaemic values in kidneys preatreated with catalase (Fig. 6) .
No effects on renal blood flow of superoxide dismutase and catalase could be demonstrated when they were given without preceding ischaemia.
Morphology
Sixty minutes of warm ischaemia produced in non-pretreated kidneys an aggregation of erythrocytes in the vessels and extravasation of these cells to the intersitium and tubular lumina in the border region between the cortex and medulla. These changes were mostly prevented by superoxide dismutase and catalase pretreatment (unpublished results).
Discussion
These studies showed that pretreatment of rabbits with scavengers of oxygen free radicals, superoxide dismutase and catalase, prevented trapping of labelled erythrocytes in the outer and inner stripes of the kidney during recirculation after ischaemia. Furthermore, they reduced the renal resistance and increased the renal blood flow during recirculation. These results thus suggest that oxygen free Oxygen metabolism of the cell, demonstrating the normal pathway (*) and the hazardous extra pathway (+). In the latter, oxygen free radicals may be formed in an amount exceeding the capacity of the normal scavengers, superoxide dismutase and catalase.
radicals contribute to the additional trauma to the kidney during recirculation after ischaemia. Most of the oxygen taken up in the cell is finally reduced with four electrons to water. This process takes place in the electron transport chain in the mitochondria. When oxygen reacts with other cellular components, it can react with only one electron each time; before the oxygen has been finally reduced in this way to water, noxious intermediary products, i.e. superoxide radicals, hydrogen peroxide and hydroxyl radicals, are formed (Fig. 7) . The free radicals so formed are extremely reactive, hydroxyl radicals being the most reactive known. Oxygen free radicals are noxious to all biological substances including proteins, polysaccharides and nucleic acids. Polyunsaturated fatty acids, which are important components of the phospholipids in all cell membranes, are especially sensitive to oxygen free radicals and a so-called lipid peroxidase chain reaction may start; the lipid hydroperoxides formed are noxious to both cell membranes and intracellular microsomes and the reaction may end in the death of the cells [14] . The tissue is normally protected against the noxious effects of free radicals by a number of antioxidants and enzymes, so-called scavenger substances. One of them, superoxide dismutase, catalyses the dismutation of superoxide radicals to hydrogen peroxide, and two others, catalase and glutathione peroxidase, the conversion of hydrogen peroxide directly to water, i.e. without the formation of hydroxyl radicals. It is known that certain enzymes, e.g. xanthine oxidase, which catalyses the oxidation of hypoxanthine and xanthine to uric acid, may form superoxide radicals. In a previous study it was shown that hypoxanthine, which is the end product in the anoxic degradation of ATP, accumulates in the renal tissue during ischaemia [ 101. During recirculation (and reoxygenation) of the kidney, the hypoxanthine was rapidly oxidized and free radicals may be formed in an amount exceeding the capacity of the normal scavenger system. Pretreatment with a xanthine oxidase inhibitor (allopurinol) not only postponed the oxidation of hypoxanthine but also prevented trapping of erythrocytes in the kidney and increased renal blood flow during recirculation.
Another plausible mechanism for the generation of oxygen free radicals during reoxygenation after ischaemia is that the mitochondria are so damaged that a greater amount of the oxygen will be reduced outside the electron transport chain, thereby generating more superoxide and hydroxyl radicals (cf. Fig. 7) .
The trapping of erythrocytes in the outer stripe of the medulla may have several explanations. One is endothelial cell damage caused by cell swelling secondary to the ischaemia per se [2, 9] or by a noxious metabolite formed during recirculation. Such a metabolite could also damage the cellular elements in the blood, with aggregation of the erythrocytes as a consequence. It has been shown that there is leakage of plasma to the renal interstitium during recirculation after ischaemia [8] .
This leakage may cause an increased packed cell volume, with increased blood viscosity and trapping of erythrocytes as a result. In fact, it has been demonstrated that the generation of oxygen free radicals by topical application of a hypoxanthinexanthine oxidase mixture to the cheek pouch in hamsters caused an increased permeability of postcapillary venules [ 151. It thus seems plausible that the observed trapping of erythrocytes in the outer stripe of the medulla may be explained by generated oxygen free radicals. Another explanation for the aggregation of erythrocytes in the medulla might be thrombus formation secondary to the ischaemia. Sheehan & Davis have shown, however, that large doses of heparin do not influence the trapping of erythrocytes [ 9 ] .
Irrespective of the etiology, the erythrocyte accumulation observed in non-pretreated kidneys may either be the cause or the effect of the difference in renal resistance and blood flow between pretreated and non-pretreated kidneys. The slightly more pronounced effect of superoxide dismutase on the renal vascular resistance and the renal blood flow, together with the higher toxicity of hydroxyl radicals, may indicate that mainly superoxide radicals are formed. On the other hand, catalase, which is normally confined to the intracellular space, may have less effect when given intravenously than superoxide dismutase, which is normally present both intra-and extra-cellularly. Another possible explanation for the prolonged effect of superoxide dismutase on renal blood flow is the recently demonstrated effect of superoxide dismutase on granulocytes, preventing them from causing vascular endothelial lesions [15, 16] .
The observation in this study that both superoxide dismutase and catalase have the potential to reduce the damaging effects of ischaemia during recirculation suggests that both superoxide radicals and hydroxyl radicals are formed during recirculation.
